Abstract There is evidence that the failing human left ventricle in vivo subjected to additional preload is unable to use the Frank-Starling mechanism. The present study compared the force-tension relation in human nonfailing and terminally failing (heart transplants required because of dilated cardiomyopathy) myocardium. Isometric force of contraction of electrically driven left ventricular papillary muscle strips was studied under various preload conditions (2 to 20 mN). To investigate the influence of inotropic stimulation, the force-tension relation was studied in the presence of the cardiac glycoside ouabain. In skinned-fiber preparations of the left ventricle, developed tension was measured after stretching the preparations to 150% of the resting length. To evaluate the length-dependent activation of cardiac myofibrils by Ca'+ in failing and nonfailing myocardium, the tension-Ca2' relations were also measured. After an increase of preload, the force of contraction gradually increased in nonfailing myocardium but was unchanged in failing myocardium. There were no differences in resting tension, muscle length, or cross-sectional area of the muscles between both groups. Pretreatment with ouabain (0.02 ,umol/L) restored the force-tension relation in failing myocardium and preserved the force-tension relation in nonfailing tissue. In skinned-fiber preparations of the same hearts, developed tension increased significantly after stretching only in preparations from nonfailing but not from failing myocardium. The Ca 2 sensitivity of skinned fibers was significantly higher in failing myocardium (EC50, 1.0; 95% confidence limit, 0.88 to 1.21 ,umol/L) compared with nonfailing myocardium (EC50, 1.7; 95% confidence limit, 1.55 to 1.86 gmol/L). After increasing the fiber length by stretching, a significant increase in the sensitivity of the myofibrils to Ca 2 was observed in nonfailing but not in failing myocardium. These experiments provide evidence for an impaired forcetension relation in failing human myocardium. On the subcellular level, this phenomenon might be explained by a failure of the myofibrils to increase the Ca 2+ sensitivity after an increase of the sarcomere length. (Circ Res. 1994;74:959-969.) Key Words * human myocardium * heart failureFrank-Starling mechanism * cardiac glycosides T o improve myocardial contractility, several compensatory mechanisms can be activated; one of these is the Frank-Starling mechanism, in which an increased preload enhances contractile force. In the nonfailing heart, an increase of the diastolic volume of the heart is associated with an improvement in cardiac contractility.12 In numerous studies using isolated cardiac muscle preparations of animals, the developed tension was found to increase in parallel with an increase in muscle length.3 However, there is evidence that the failing left ventricle in vivo subjected to additional load is unable to use the Frank-Starling mechanism to improve myocardial contractility.45 The present study was aimed at investigating whether the tension-related increase in force of contraction in failing human myocardium is preserved and, if not, which mechanisms could be involved.
T o improve myocardial contractility, several compensatory mechanisms can be activated; one of these is the Frank-Starling mechanism, in which an increased preload enhances contractile force. In the nonfailing heart, an increase of the diastolic volume of the heart is associated with an improvement in cardiac contractility.12 In numerous studies using isolated cardiac muscle preparations of animals, the developed tension was found to increase in parallel with an increase in muscle length.3 However, there is evidence that the failing left ventricle in vivo subjected to additional load is unable to use the Frank-Starling mechanism to improve myocardial contractility. 45 The present study was aimed at investigating whether the tension-related increase in force of contraction in failing human myocardium is preserved and, if not, which mechanisms could be involved.
In vivo, adrenergic reflex mechanisms may mask changes in contractility in response to different preload conditions. Therefore, the length-tension relation in nonfailing myocardium and in human myocardium ter- from the study. Drugs used for general anesthesia were flunitrazepam and pancuronium bromide with isoflurane. Cardiac surgery was performed with patients subjected to cardiopulmonary bypass with cardioplegic arrest during hypothermia. Nonfailing human myocardium was obtained from six donors (Table 1 ) who were brain dead as a result of traumatic injury. To identify these as control hearts, the clinical situation before death was considered. These data indicated to the attending cardiologist and to the cardiac surgery team explanting the heart that the heart was useful as a donor. There was no evidence of left ventricular dysfunction by echocardiography. These hearts could not be transplanted for technical reasons. The cardioplegic solution (a modified Bretschneider solution) contained (mmol/L) NaCl 15, KCl 9, MgC12 4, histidine 180, tryptophan 2, mannitol 30, and potassium dihydrogen oxoglutarate 1. The papillary muscle strips were taken from the failing and nonfailing hearts immediately after explantation (maximum time, 10 minutes).
Contraction Experiments
Immediately after excision, the papillary muscles were placed in ice-cold preaerated modified Tyrode's solution (for composition, see below) and delivered to the laboratory within 10 minutes. The experiments were performed on isolated, electrically driven (1-Hz) muscle preparations. Muscle strips of uniform size with muscle fibers running approximately parallel to the length of the strips (diameter, 0.4 to 0.7 mm; length, 5 to 9 mm) were dissected in an aerated bathing solution (for composition, see below) under microscopic control with sharp scissors at room temperature. Connective tissue, if visibly present, had to be carefully trimmed away. For control and myopathic muscles, mean lengths were 7.6±0.3 (n=25) and 8.0±0.3 (n=49) mm, and mean weights were 5.3±0.13 and 5.2±0.12 mg, respectively. After the experiment, the length and the diameter of the cylindrical preparations were determined. The papillary muscle strips were than blotted dry (10 g for 1 minute) and weighed. Cross-sectional area was estimated assuming the geometry of a cylinder with a specific gravity of 1.0 and was determined from papillary muscle diameter (D) by the following formula: crosssectional area=3.14159x (D/2)2. The corresponding values for papillary muscle strips from failing and nonfailing hearts were 0.60±0.07 and 0.56±0.06 mm2, respectively. Cross-sectional area and weight did not differ in papillary muscle strips from nonfailing and failing myocardium in each experimental condition studied. Force of contraction has been given in millinewtons as well as in millinewtons per square millimeter. The preparations were attached to a bipolar platinum stimulating electrode and suspended individually in 75-mL glass tissue chambers for recording of isometric contractions. The bathing solution used was a modified Tyrode's solution containing (mmol/L) NaCi 119. Resting tension was constant throughout the experiments. The preparations were electrically paced at 1 Hz with rectangular pulses of 5-millisecond duration (Grass stimulator SD 9); the voltage was 20% above threshold. All preparations were allowed to equilibrate at least 90 minutes in a drug-free bathing solution (1 Hz) until complete mechanical stabilization. After 45 minutes, the solution was changed. After complete mechanical stabilization, the force-frequency relation was studied, starting with a rate of 0.5 Hz. The force-tension relation was investigated, increasing preload from 2 to 20 mN (1 Hz). Inotropic intervention was performed at 1 Hz with a 10-mN preload, and afterward, the force-tension relation was studied in the same way as under basal conditions. To test mechanical performance, after each experiment the positive inotropic effect mediated by the elevation of [Ca2`]0 (15 mmol/L) was measured. There was no difference between groups. Control strips studied in Tyrode's solution with a composition identical to that of the original experiments revealed maximally a 20% reduction of baseline isometric tension over the period necessary to complete testing. At the end of each experiment, a test for adequate oxygenation15 was performed by changing the carbogen to 80% 02/5% C02/15% N2 at the stimulation rate, at which the force of contraction was maximal. This procedure lowered oxygen tension significantly in the bathing solution, and all muscle preparations in which the force of contraction declined more than 10% during 30-minute exposure were discarded from the evaluation.
Skinned Fibers
In all instances, muscle pieces =10 mm in length and 1 mm in diameter were excised while being incubated in ice-cold Bretschneider solution from the left ventricular papillary muscle. Samples were taken from the same location of each heart to prevent an influence of different origins of the tissue on the results. The muscle pieces were incubated in a solution containing 50% glycerol and (mmol/L) imidazole 20, NaN3 10, ATP 5, MgC12 5, EGTA 4, and dithioerythritol (DTE) 2 (pH 7.0 at 4°C for 1 hour) and then were divided with tweezers into smaller fiber bundles. For skinning, the fiber bundles were put in the same solution also containing 1% Triton X-100 (Merck) for 24 hours. Afterward, the fibers were stored at -20°C in the first solution without detergent.
The chemically skinned fiber bundles were prepared under the microscope and then mounted isometrically and connected to a force transducer (AME 801, SensoNor). In relaxation solution, the fiber length was adjusted to an extent where resting tension was just threshold (slack position). Fiber diameter and length were the same in all preparations studied (125 to 175 gtm and 7 to 8 mm, respectively). 
Materials
Ouabain was obtained from Boehringer-Mannheim. All other chemicals were of analytical grade or the best grade commercially available (Sigma). For studies with isolated cardiac preparations, stock solutions were prepared and applied to the organ bath. All compounds were dissolved in twice-distilled water. Applied agents did not change the pH of the medium.
Statistics
The data shown are mean±SEM.
a: Papillary Muscle Strip Preparations
The length-tension relationship was compared between following groups: (1) failing and nonfailing human myocardium under basal conditions and (2) presence and absence of pretreatment with ouabain.
b: Skinned-Fiber Preparations
Comparisons between failing and nonfailing myocardium were performed regarding (1) the Ca'+-induced tension generation and (2) the length-tension relation.
To decide whether the data differed between groups a repeated-measures ANOVA was calculated for each comparison. The developed tension or the change of the developed tension was used as an outcome measure determined at different conditions, eg, preload and Ca'2-activated force generation. The log-transformed data were compatible with a normal distribution (Shapiro-Wilk test) and therefore used in the statistical analysis. The interaction of the grouping and the repeated-measures factor (ie, the conditions tested) were tested by Hotelling's T-squared statistic. In the case of significance (P<.05), it has been concluded that the shape of the considered relation differs between the compared groups, and two sample t tests at the different levels of the repeatedmeasures factor were done to locate the differences. All tests were two tailed. The programs of the SAS Institute were used for analysis.16 Basal force of contraction is given in Table 2 . NYHA indicates New York Heart Association classification.
Results

Papillary Muscle Strip Preparations
To functionally characterize the human tissue used, we examined the force-frequency relation17 of nonfailing and terminally failing human myocardium. 18 After an increase in stimulation frequency, the force of contraction increased in nonfailing hearts but not in human myocardium failing because of dilated cardiomyopathy (not shown). The myocardium used showed the forcefrequency behavior as that typically described in previous studies involving nonfailing and terminally failing (dilated cardiomyopathic) human myocardium. [18] [19] [20] To examine the length-tension relation in nonfailing and failing (dilated cardiomyopathic) human myocardium, the force development of electrically driven papillary muscle strip preparations after variations of preload was measured. With this experimental approach, additionally influencing factors like frequency can be excluded. Preload at a stimulation frequency of 1 Hz (1.8 mmol/L Ca2, 37°C) was increased stepwise from 2 to 20 mN. Fig 1 shows the force of contraction in relation to the preload applied. The statistical analysis reveals a significantly different shape between graphs (P<.05) (Fig 1) . In the nonfailing myocardium, developed tension increased in parallel with enhanced preload. In contrast, in papillary muscle strips from terminally failing human myocardium, developed tension did not change significantly. This holds true for data in millinewtons as well as in millinewtons per square millimeter. In addition, the change in force of contraction after an increase in preload (6 mN) was significantly different between groups (P<.05). Table 2 gives developed tension relative to various preload conditions for the two groups.
Under basal conditions, ie, preload of 2 mN (1 Hz, 37°C, and 1.8 mmol/L Ca2), parameters of isometric force of contraction-developed tension, peak rate of tension rise, peak rate of tension decay, time to peak tension, and time to half-relaxation -were not different between nonfailing myocardium and failing (dilated cardiomyopathic) myocardium (Table 2) . After an increase in preload, the peak rate of tension rise changed (Fig 2, left) . There was no change of peak rate of tension rise in failing hearts (11.3±0.9 versus 12.4±1.2 mN/s). The values for peak rate of tension decay increased only in nonfailing myocardium but were unchanged in failing human myocardium (Fig 2, right) .
In nonfailing myocardium, both peak rate of tension rise and peak rate of tension decay increased when preload was enhanced from 2 to 20 mN (P<.05), whereas in failing myocardium, there was no significant change either for peak rate of tension rise or peak rate of tension decay. The preload-peak rate of tension rise/ decay curves from left ventricular papillary muscle strips of failing and nonfailing myocardium are shown in Fig 2. To exclude the possibility that these differences are not due to a different content of contractile and elastic components, we measured resting tension at each condition tested. The resting tension was not different between either nonfailing or failing human tissue (Table 2) .
To study whether the length-dependent changes in contractility may result from changes in the amount of Ca2' supplied to the myofibrils, we performed experiments after inotropic stimulation. The effects of the cardiac glycoside ouabain at 0.02 ,umol/L on the forcetension relation of human myocardial tissue were studied. Ouabain was added to the bathing solution before examination of the force-tension relation. In previous studies, it has been shown that 0.02 ,mol/L ouabain exerts only marginal inotropic effects in electrically driven papillary muscle strip preparations of human myocardium. After the addition of ouabain, the force of contraction increased only marginally. After pretreatment with ouabain, the increase in preload was accompanied by an increase in developed tension assessed as NYHA class IV (Table 3) . Therefore, ouabain was effective in restoring the force-tension relation of failing human myocardium (Fig 3) . The Table 2 . NYHA indicates New York Heart Association classffication. (P<.05). Treatment with ouabain did not influence the force-tension relation in nonfailing myocardium. However, there was a trend toward an increased developed tension in the presence of ouabain in nonfailing tissue.
Skinned-Fiber Preparations
To study the tension generation at subcellular levels in failing and nonfailing myocardium, we investigated chemically skinned fiber preparations. Fig 4 shows a typical recording of an original skinned-fiber experiment from a heart of a patient without heart failure (Fig  4, left) and from a patient with terminal heart failure (NYHA class IV) (Fig 4, right) . Incubation of chemically skinned fibers with increasing concentrations of free Ca2' caused an increase in isometric tension. A mean sarcomere length of 2.0+0.02 gum of the skinned fibers in relaxation solution before starting the experiments was determined. Fiber diameter and length of the preparations were the same in either group studied. In addition, there was no evidence of "fall-off' of maximum force at 12.9 ,umol/L; hence, tension-Ca2+ curves could be repeated without difference in force development obtained at the different [Ca2+] levels. The curves summarizing the mean values of the Ca2'-tension relation in skinned fibers from patients with terminal heart failure and in nonfailing control subjects are shown in Table 3 . NYHA indicates New York Heart Association classification. Table 4 ). The cooperativity indexes given by the Hill coefficient were similar in failing (2.3+±0.4) and nonfailing (2.0+±0.4) myocardium (Table 4) . Values between 2 and 3 in mammalian and human cardiac skinned fibers are in accordance with other reports.21,22 Maximal tension development was 585±+ 135 and 512±+76 ,uN in nonfailing and failing myocardium, respectively. No difference in maximal tension development was observed between fibers isolated from nonfailing and failing human myocardium. However, the concentration-response curve for Ca2' was significantly shifted to the left in terminally failing human tissue when compared with control tissue (P<.01). To gain insight into the length-dependent activation of cardiac myofibrils, skinned-fiber preparations were studied after increasing the sarcomere length by stretching. Only in preparations taken from nonfailing hearts did tension increase significantly after an increase in sarcomere length by stretching (P<.05). Fig 6 illustrates the lengthtension relation in both groups. Stretching of the fiber preparations (120% and 130% of resting length) did not affect Ca21 sensitivity in skinned-fiber preparations of myopathic hearts (Table 4 ). In contrast, in preparations from nonfailing myocardium an increase of the sarcomere length by stretching the skinned-fiber preparations was accompanied by a significant increase in the sensitivity to Ca21 (Table 4) . The sensitivity to Ca21 in nonfailing preparations never exceeded the sensitivity to Ca21 observed in skinned-fiber preparations from failing hearts. After increasing the sarcomere length by stretching (constant [Ca 2+]) in skinned-fiber preparations from nonfailing myocardium, a significant increase in the sensitivity of myofibrils to Ca2' was observed. This does not hold true for preparations taken from failing hearts. Fig 7 illustrates the length-dependent Ca21 sensitivity after stretching from 100% to 150% of resting length in skinned-fiber preparations from nonfailing (Fig 7, left) and failing (Fig 7, right) myocardium.
Discussion
In left ventricular muscle strip preparations taken from nonfailing myocardium, the force of contraction increased parallel to an increase of preload. Parameters of isometric contraction were similar to those observed in previous studies.2324 Additionally, the peak rate of tension rise and the peak rate of tension decay were enhanced when preload was increased. These in vitro findings using papillary muscle strips from nonfailing hearts are compatible with the improvement in cardiac performance in vivo after increasing diastolic volume. 25 In healthy subjects at low-exercise work loads, when end-systolic volume changes little, both end-diastolic and stroke volume increase and contribute to the increase in cardiac output. These observations indicate that the healthy left ventricle follows Starling's law of the heart.1'2 Also, in muscle strip preparations from various healthy animals (cat, dog, and frog) a positive length (preload)-tension curve was observed.1126 In contrast, papillary muscle strips from human hearts to eject a subnormal stroke volume when end-diastolic volume is elevated.28 Several studies have suggested that the response of the failing heart to increased volume is probably reduced. In consequence, the cardiac output of the dilated failing human left ventricle is less influenced by changes of preload rather than by changes of afterload, with an increase in the latter leading to a decrease in cardiac output. Therefore, myocardial stroke volume in failing human myocardium may not be dependent on the filling pressure or the preload after a certain degree of myocardial failure. In addition, in spontaneously hypertensive rats with chronic pressure overload and normal left ventricular end-diastolic pressure, the left ventricular ejection fraction is depressed.2930 Chronic left ventricular volume overload created by a arteriovenous fistula caused depression of various indexes of contractility.31,32 Thus, both chronic pressure and volume overload depress contractility. The generally accepted Starling's law of the heart may not be applicable in the failing human myocardium. The same seems to be true in certain animal models of heart failure.4, 33 Starling's law of the heart is suggested to be based on the myocardial length-active tension relation,34'35 in which the force of contraction and the extent of shortening at any given tension depend on the initial muscle length. Sarcomere overstretching has been thought to be responsible for the decreased myocardial contractility in heart failure. However, subsequent studies have shown that chronic volume loading is followed by a progressive recruitment of sarcomeres stretched to the length at which maximal active tension develops.3 In myocardium removed from overloaded dilated hearts and fixed at the elevated filling pressures that exist during life, sarcomere length was similar to that in normal cardiac muscle.33 Also, in preparations from human myocardium terminally failing because of dilated cardiomyopathy, sarcomere length was not different from that in nonfailing control preparations.36 Mean sarcomere lengths in preparations from diseased and nonfailing myocardium were similar. Thus, an overstretch of sarcomeres or a different length in failing NYHA IV DCM indicates dilated cardiomyopathy (New York Heart Association class IV).
The degree of cooperativity is given by the Hill coefficients. Fibers were either stretched to 120% of the resting length (slack position) or to 130% of resting length.
human myocardium is very unlikely to explain the different force-tension behavior in failing versus nonfailing human myocardium.
The differences in the length-dependent force development in papillary muscle strips may be due to either a change of the Ca21 sensitivity of the myofibrils or an altered amount of Ca'+ supplied to the myofibrils.3'7"1",37
To study whether the lack of tension-related increase in the force of contraction is due to altered myofibrillar Ca21 sensitivity, concentration-response curves for Ca 2 were performed with skinned-fiber preparations of failing and nonfailing human myocardial tissue. At basal conditions (slack position), the Ca 2 sensitivity of myofibrils from human failing myocardium was significantly higher compared with nonfailing myocardium (the present study). In addition, skinned-fiber preparations from dystrophic mice were also more sensitive to Ca21 compared with those from normal mice. 38 Moreover, in skinned-fiber preparations from diabetic rats, maximum Ca2-activated force was unchanged compared with that in healthy animals, but a significant increase in the Ca'+ sensitivity was observed.39 Therefore, myocardium from diseased animals and from human hearts terminally failing because of dilated cardiomyopathy shows an increased sensitivity to Ca2`. Gwathmey et a140 studied the frequency-related force potentiation in control and myopathic human cardiac tissue. They observed an attenuated frequency-related force potentiation in failing human tissue despite an increase in resting intracellular Ca2' and in the peak amplitude of the Ca'+ transient as detected with aequorin. They concluded that these changes could be due to differences in myofibrillar Ca'+ responsiveness in myopathic and nonfailing human tissue. The Ca' sensitivity as judged from the pCa values increased when sarcomere length was enhanced in skinned-fiber preparations from nonfailing human myocardium exclusively. In human myocardium failing because of dilated cardiomyopathy, this length-dependent increase in force of contraction was attenuated41 or even absent (the present study). Thus, the failing human heart might be unable to increase the myofibrillar Ca2' sensitivity. Consistently, at constant [Ca+] , increasing the fiber length by stretching was not followed by a significant increase in tension in preparations from failing myocardium. These differences in the Ca2' sensitivity of myofibrils relative to fiber length might account for the altered length-tension relation in the intact preparations of failing human heart. However, in skinned-fiber preparations from myopathic hearts, changes of sarcomere length could not be measured routinely after stretching of the preparations, possibly because of a disarrangement of thin and thick filaments. The Ca'+ sensitivity of the myofibrils was suggested to explain the altered contraction coupling at various loading conditions in nonfailing human or animal tissue. 37 The Ca`affinity to troponin C was suggested to play an important role in determining the length-tension relation.9'42-45 In skinned ventricular trabeculae from hamster hearts in which the cardiac form of troponin C was substituted with skeletal troponin C, length-dependent increases in force of contraction were suppressed in the skeletal troponin C form. 42 availability after positive inotropic stimulation with ouabain on the force-tension relation was studied. The cardiac glycoside ouabain was applied in a low concentration.14 This pretreatment with ouabain restored the positive force-tension relation in failing human myocardium. In human nonfailing tissue, the forcetension relation was not significantly influenced by ouabain. In both conditions, the force-tension relation was shifted to the left. This is in accordance with findings in papillary muscle strip preparations from nondiseased cats.59 After inotropic stimulation with Ca'+ or the ,B-adrenergic receptor agonist isoprenaline, the length-tension curve shifted to the left, and the length producing optimal contraction decreased. In a state with almost maximal activation of the FrankStarling mechanism, ie, in terminal heart failure, additional stretching of the sarcomere length may not enhance the Ca'2 sensitivity. In other words, in human myocardium failing because of dilated cardiomyopathy, the length-dependent increase in the Ca'+ sensitivity is shifted to lower sarcomere length, possibly by alterations in thin filament-regulatory proteins.
Limitations of the Study
The absolute values of force generation in the present study in isolated human papillary muscles seem to be lower than those reported by Mulieri et Of course, it cannot be excluded that muscle strands as taken immediately after cardiac arrest from patients undergoing coronary bypass surgery from the surface of their normal left ventricle generate more force than do papillary muscles. Unfortunately, it was not possible to directly compare muscle strands as used by Mulieri et al19 and papillary muscles from the same patients because of the decision of the local ethical committee.
In the present study, only muscle strip preparations from the left ventricular papillary muscle have been used. This approach allows us to compare tissue taken from identical regions of the heart in failing and nonfailing myocardium. However, in the in vivo situation the effect of volume loading would be a more appropriate technique for studying the ability of the left ventricle to accommodate an increase in preload. This experimental design has been used in a study using conscious dogs.63 During the development of congestive heart failure by rapid pacing followed by a chronic dilatation, the application of an acute volume load failed to elicit additional increase in cardiac output and stroke volume.63 These findings may further indicate that the Frank-Starling mechanism is exhausted in congestive heart failure states.
In conclusion, the failure of the dilated failing human heart to respond to an increase of load with an increase of contractility is the pathophysiological basis of the ineffective Frank-Starling mechanism in vivo. The pathomechanism is suggested to involve a reduced increase of myofibrillar Ca 2 sensitization after an increase of sarcomere length. An altered intracellular Ca2' homeostasis could also play a role. Therapeutic interventions targeting this mechanism might be of importance in the treatment of heart failure.
